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INTRODUCTION
Microgrids are designed to operate in various modes (e.g., grid-connected, islanded, transitioning between grid-connected and islanded). When deliberately transitioning from gridconnected to islanded mode, a reliable grid-forming source is often used to maintain synchronism during the transition and to form a stiff bus voltage in islanded mode [1] . Synchronous diesel generation is commonly the grid-forming source because it ensures power angle stability and inertia to damp large disturbances [2] . Thus, the control of synchronous diesel generation is an important element for successful microgrid operation.
Extensive research regarding modeling, simulating, and testing synchronous diesel generation for microgrid applications has been reported in the literature. Reference [3] presented the control of a diesel generator for both grid-connected and islanded operation. An optimal control method of a diesel generator's voltage and frequency in an islanded system to achieve fast damping and settling time was reported in [4] . A microgrid including a diesel generator was tested via powerhardware-in-the-loop in [5] . The stability investigation of a hybrid microgrid with a diesel generator under three types of interconnections considering transient stability and grid code constraints was performed in [6] . Power quality issues in a hybrid power system with a wind turbine and diesel generator were investigated under different test scenarios in [7] . A microgrid with two diesel generators to study active synchronization techniques, including results on modeling and controlling diesel generation, was presented in [8] .
However, few efforts are reported in the literature that specifically address diesel generator controls for stable operation in both grid-connected and islanded modes as well as a mechanism to avoid abrupt control changes during transition operation. The MIT Lincoln report [9] provided high-level information on modeling of a diesel generator in microgrid application. To be distinct from prior papers, the following paper focuses on detailed modeling and control of a diesel generator for grid-connected and islanded modes. In addition, the paper investigates the mechanism for smooth transition operation, providing a good understanding and reference for modeling and control of synchronous diesel generation in microgrid transition operation.
The contributions of this paper are threefold. First, the paper provides modeling of a diesel generator very close to a real system for grid-connected and islanded operation modes as well as for seamless transition operation. The model also works for different microgrid islands. Second, the paper evaluates the Woodward easYgen diesel generator controller (secondary control) via CHIL, which showed successful implementation and better-informed future implementation in the field. Finally, the paper presents modeling and testing details as a reference example for replication by others to further research diesel generator modeling, controlling, and testing in microgrid applications. Fig. 1 presents the configuration of the microgrid under study. This microgrid system is based on a real-world microgrid operated in Borrego Springs, California, by San Diego Gas & Electric Company. This microgrid consists of two diesel generators (each rated at 1.825 MW), two battery energy storage systems (BESS) (BESS1 is 1 MVA and BESS2 is 0.5 MVA), one photovoltaic (PV) system (26 MW), and a set of loads distributed in 3 circuits (average load size is 3 MW, and peak load size is 12 MW). There are three points of common coupling (PCC) in the microgrid system (Island 1, PCC1, red dotted line; Island 2, PCC2, blue dotted line; and Island 3, PCC3, brown dotted line). Only one is selected for operation based on the command from the distribution network operator. We performed CHIL testing for Island 1 and for Island 3, which has a very high penetration of PV. For lab testing, the microgrid system is simulated in a realtime digital simulator (RTDS) platform. The two diesel generators are simulated (the synchronous generator, governor, exciter, and engine), and the generators' secondary controllers (the two Woodward easYgens) are real controllers interfaced physically to the RTDS. In islanded mode, the generators are grid-forming voltage sources. The distributed energy resources (DERs) are current sources (the two BESS and the PV) for active and reactive power injection. The next section presents the detailed modeling and control of diesel generators for different microgrid operation modes. The CHIL schematic for one of the two generators is presented in Fig. 2 , and it includes three parts: the real-time simulation model, the controller under test (Woodward), and the input/output (IO) connections between the RTDS and the Woodward hardware.
II. MICROGRID CONFIGURATION

III. CHIL SIMULATION OF DIESEL GENERATOR CONTROLLER
A. The Generator Simulated in RTDS
Two simulated 1.825-MW diesel generators are operated at nominal voltages of 480 V. The diesel generator governor/exciter was developed by Schweizer Engineering Laboratories (SEL) and modified by NREL for CHIL testing. A transformer is used to boost the voltage from 480 V (N0) to 12 kV (N1). The circuit breaker (CB) connected to the terminal of the generator is called GCB, the CB connected at the secondary side of the transformer is called Tray1 (always closed), and the CB located at the PCC is called MCB.
The generators consist of numerical representations of a diesel engine (prime mover) and alternator (synchronous generator). The governor regulates the diesel engine's throttle to control the speed/power/frequency, and the exciter automatic voltage regulator (AVR) controls the synchronous machine's voltage/VAR. The primary control of the governor and exciter is simulated in the RTDS, and the secondary control (via G1_speedBias and G1_voltBias) is managed by the Woodward generator controller. The Woodward also controls the GCB and signals to start/stop the generator.
In the real-time simulation model, the governor frequency primary control is droop control with an adjustable droop parameter (2.2% is used). The dynamics of the governor are represented, and the output is the mechanical torque (TM1). The voltage reference for the exciter primary control is 1 p.u. for islanded mode, but it is equal to the main grid voltage (N1rms) for generator start-up and grid-connected modes. A gain of 1.024 is used to ensure that the voltage at N1 is at the rated voltage 1 p.u. or slightly higher. Vbias is the voltage bias used to adjust reactive power generation and to match grid voltage during active synchronization. Based on our experience, the main parameters that needed tuning in the primary control are the rate limiters of the secondary control inputs to attain desirable transient response.
B. Woodward EasYgen Controller
In Borrego Springs, the real-world generators (with their own primary control) are equipped with the Woodward controllers. These provide engine/generator control, paralleling, and protection. For our lab testing, the same real-world hardware and configuration settings were used.
The Woodward controller acts as a secondary control that regulates the frequency/active power and voltage/reactive power. It actuates the engine's starter, the GCB, and outputs speed/voltage bias signals for the governor and the exciter, respectively. The diesel generator has three operation modes: start-up and synchronization (VF control), gridconnected (PQ control), and isochronous (VF control). The logics to enable the operation mode are listed in Table I . Combining the logics for VF control (start-up and isochronous), the final logic is the machine at rated speed. Proportional integral derivative (PID) control is used to track the target values. The PID parameters for VF and PQ control are configured the same. To ensure stability and rapid response to perturbations, the parameters must be tuned for a variety of operating conditions.
C. The IO Connections between the RTDS and the Woodward
The IO connections in the RTDS are shown in Fig. 3 . Each Woodward requires nine analog signals from the RTDS to represent the three-phase voltages at the generator (N0abc), the three-phase voltages at the mains (N1abc), and the three-phase generator currents (I1abc); however, the RTDS analog output cards (known as GTAO cards) are limited to ±10 V, and the Woodward analog inputs are configured for 120-480 V (potential transducer voltages) or 5 A (current transducer currents). To avoid using amplifiers or creating potential shock hazards in the lab, the Woodward controllers' printed circuit boards were modified to accept the low-level analog voltage signals directly from the RTDS. Then, there are two analog signals back to the RTDS (speed bias and voltage bias), two digital outputs (a fuel command to start/stop the fuel pump and a GCB command to open/close the GCB), and two digital inputs (GCB status and MCB status). The signals to/from the analog IO cards need to be scaled as outlined in [10] . For the digital output signals, the CB status must be inverted (the Woodward interprets 0 as closed and 1 as open). Also, the Woodward supports only one MCB, but the status of the extra Tray1 breaker at Borrego is also provided. Thus, these two signals are combined to represent the MCB status. The bias signals are less than 10 V and thus connect directly to the RTDS analog input cards (GTAI). For the digital IO signals, 24-V power was used to represent logic 1, which is supported by both RTDS and the Woodward. 
IV. TRANSITION MECHANISM OF SYNCHRONOUS DIESEL GENERATOR
There is a fundamental difference between a synchronous diesel generator and an inverter-interfaced DER in terms of dynamics during microgrid transition operation. In a diesel generator, voltage and frequency measurements are used to adjust the magnetic field excitation and the mechanical power of the machine, and these two inputs in turn adjust the internal induced voltage of the generator. The induced voltage impacts the actual output (or terminal) variables: the current or the voltage of the machine [11] . Thus, only the generator's terminal voltage is explicitly controlled, and there is no explicit control loop to control the output current of the machine.
As shown in Fig. 2 , the generator includes the roughtuning primary control (simulated) and the fine-tuning secondary control (Woodward). There is no switching between modes (reconfiguration of the control structure) in the primary control when the microgrid changes operation modes. The active and reactive power exchanged at the PCC are controlled to be near-zero before a planned islanding action is initiated; thus, power balance between generation and load is achieved after islanding. From the swing equation, the change in the frequency is kept at a minimum. The changes in the mechanical torque (TM1) and exciter voltage (EF1) are very small because of the physics of the machine (the generator's internally generated ac voltage is directly proportional to the machine's flux (dependent on field current, which itself changes based on exciter voltage) and to the rotor speed). That the primary control is the dominant part reflects a very important fact: unlike an inverter-interfaced DER, a diesel generator has a very small phase-angle jump during microgrid transition operation (the phase jump is zero during disconnection and it depends on the voltage angle difference between the microgrid and the main grid at PCC during reconnection). With appropriate synchronization control, the phase jump in the inverter-interfaced DER's voltage can be avoided.
If an unplanned islanding action happens, the balance of generation and load is lost. A loss in balance causes changes in the generator's speed/frequency, thus causing a change in the mechanical torque, which in turns affects the generator's speed/frequency. Because of the inertia in the rotating mass of the machine, the phase/frequency response will be damped, and large spikes will be avoided.
V. EXPERIMENTAL RESULTS
The configurations (control parameters and protection settings) of the Woodward controller used at the Borrego Springs site were modified to allow relatively fast response of the generator without tripping protections. In the tests, there is no microgrid controller. An engineer manually controls the balance of load and generation to achieve closeto-zero active and reactive power at the PCC before islanding and P * and PF * in the Woodward are manually set. For reconnection, a simulated PCC CB controller is developed to close the PCC CB when the differences (voltage magnitude, phase angle, and frequency) between the microgrid voltage and the main grid voltage at the PCC are within thresholds. Two tests are performed: Island 1 and Island 2 are transitioned from grid-connected to islanded mode, and then they are transitioned back to grid-connected mode. A heavy load condition is simulated, and the PV insolation is 35% of the maximum. The tests verify that the settings and configurations in the Woodward controller work in various microgrid operation modes for each island. 
A. Island 1 Test
As shown in Fig. 1 , microgrid Island 1 includes four assets and one feeder (Circuit 1). The microgrid starts in grid-connected mode, and a planned islanding event is initiated. After testing islanded mode for a certain amount of time, reconnection to the main grid is performed, and the system transitions back to grid-connected mode. The representative test results (measurements at PCC1 and Diesel Generator 1) during transition operation are shown in Figs. 4-7 . Fig. 4 shows the measurements at the PCC1 when the microgrid transitions from grid-connected to islanded mode. The power flow across the PCC was reduced to less than 2% percent of the Circuit 1 load prior to disconnection. The voltage is maintained around the nominal value of 1 p.u., and the transient in voltage during the transition is negligible. The frequency is also kept around the nominal value of 60 Hz, and its transient is very smooth. Both the voltage and frequency are within acceptable limits per the standards. The active and reactive power at the PCC are also shown here, which further demonstrates the smooth transients in the system when the microgrid disconnects from the main grid.
The measurements of Generator 1 are presented in Fig. 5 to show the dynamics of the generator (the response of Generator 2 is similar). As expected, the frequency exhibits very smooth transients during microgrid islanding operation. Phase A of the generator terminal voltage (N0a) shows no phase jump during islanding operation. The control inputs the torque (TM1) and the exciter voltage (EF1) are also shown here to illustrate the dynamics of the generator during islanding operation. This helps explain why we have smooth transients in the generator's frequency and terminal voltage. The outputs of the Woodward controller-the speed bias and voltage bias-show the adjustments from the secondary controller when the microgrid transitions from grid-connected to islanded mode. Fig . 6 shows the measurements at the PCC when the microgrid transitions from islanded to grid-connected mode. The PCC current goes from zero to steady state with some oscillations. The voltage at the PCC exhibits some acceptable transients during transition operation and reaches steady state. The voltage is maintained around the nominal value of 1 p.u. The frequency is also kept around the nominal value of 60 Hz, and its transient is acceptable. The voltage and frequency are within the acceptable limits per the standards. The active and reactive power at the PCC show the power imbalance during the transition (caused by the differences in phase angle and voltage magnitude between the microgrid and the main grid) and explain the transients in voltage and frequency.
The measurements of Generator 1 are presented in Fig. 7 . The speed exhibits small transients during microgrid reconnection operation. The magnified Phase A of the generator terminal voltage N0a shows no phase jump during the reconnection period, as expected. The control inputs TM1 and EF1 show that Generator 1 reaches steady state after experiencing some transients during transition operation. The outputs of the Woodward controller show that the secondary control work correctly and in a timely way to regulate the voltage and frequency to their nominal values. The test results for Island 1 denote that 1) the control settings/configuration of the Woodward controller are suitable for Island 1 for various microgrid operations, 2) the Woodward controller can switch operation mode smoothly once the microgrid operation mode is changed and there is no phase jump at its terminal voltage, and 3) Generator 1 exhibits a smoother transient when the microgrid disconnects from the main grid than when it reconnects to the main grid.
B. Island 3 Test
The PCC for microgrid Island 3 is at the 69-kV level just upstream from where the 26-MW PV system connects, as shown in Fig. 1. It includes five assets and three feeders  (circuits 1, 2, and 3) . The same tests are performed for Island 3 as for Island 1. The control settings/configuration of the Woodward is the same. Because of limited space, only measurements at PCC3 are shown in Fig. 8 and Fig. 9 . Fig. 8 shows the measurements at PCC3 when the microgrid transitions from grid-connected to islanded mode. The voltage is maintained around the nominal value of 1 p.u., and the transient in voltage during the transition is negligible. The frequency is also kept around the nominal value of 60 Hz, and its transient is very smooth. The voltage and frequency are both within the acceptable limits per the standards. The active and reactive powers at the PCC are also shown here, and they further demonstrate the smooth transients in the system when the microgrid disconnects from the main grid. Fig. 9 shows the measurements at PCC3 when the microgrid reconnects to the main grid. The voltage is maintained around the nominal value of 1 p.u., and the voltage transients during the transition are negligible. The frequency is also kept around the nominal value of 60 Hz, and its transient is small. The voltage and frequency are both within acceptable limits per the standards. The active and reactive power at the PCC have some oscillations and reach steady state rapidly. There is no tripping of protection in either test case. Compared to the laboratory test results, the field measurements are expected to show more variations in the frequency, but the CHIL tests in the laboratory provide confidence in the controller prior to the site deployment.
VI. CONCLUSION
This paper presents the modeling and control of a diesel generator for testing microgrid transition operations with a special focus on the transition mechanism of the diesel generator. The model of the diesel generator (governor, exciter, and primary control) is simulated in real-time. Secondary control is implemented in a real hardware controller, which is integrated with the simulation using CHIL techniques. The CHIL test results for the two test cases show that 1) there is no phase jump in the diesel generator's terminal voltage during planned microgrid transition operation, 2) the diesel generator has better transients when the microgrid disconnects from the main grid than when it reconnects, and 3) the settings/configurations for the controller are appropriate, which provides confidence in the controller for site commissioning.
